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Introduction {#sec001}
============

Diabetes mellitus (DM) is one of the most frequent complications of chronic exposure to glucocorticoid (GCs) especially during a Cushing\'s syndrome (CS) or after treatment with high doses of GCs. Its prevalence is considered to range from 20 to 50% \[[@pone.0149343.ref001]\]. In general, the prevalence of glucose metabolism alterations including impaired fasting glycaemia (IFG) and impaired glucose tolerance (IGT) reaches 70% after GCs exposure \[[@pone.0149343.ref002]\]. More generally, type 2 diabetes (T2D) is associated with a subtle hypercortisolism, suggesting a causal role for GCs in T2D \[[@pone.0149343.ref003]\]. These abnormalities of glucose metabolism occur as a consequence of insulin resistance and impaired insulin secretion induced by GCs excess \[[@pone.0149343.ref004]\]. These alterations have been studied in vitro using isolated islets and beta-cell lines. Such studies demonstrated that GCs directly inhibit beta-cell function \[[@pone.0149343.ref005]\] and reduce beta cell mass by inducing apoptosis \[[@pone.0149343.ref006]\]. However, the molecular mechanisms of these effects remain unclear. Therefore, unraveling the mechanisms by which GCs alter glucose homeostasis but more specifically insulin secretion could lead to a better understanding of the beta-cell alterations after GCs excess and more generally in type 2 diabetes.

GCs are steroid hormones produced by the zona fasciculata of adrenals under the control of the hypothalamic-pituitary-adrenal axis, secreted according to a circadian rhythm and in adaptive situations such as stress or fasting which lead to energy store mobilization \[[@pone.0149343.ref004]\]. They act on their target tissues through the binding to the glucocorticoid receptor, GR, which is expressed in almost every cell. In the absence of the hormone, GR is restrained in the cytoplasm; upon binding of its ligand, GR migrates to the nucleus where it acts as a transcription factor and activates or inhibits the expression of target genes \[[@pone.0149343.ref007]\]. Thus, the comprehensive understanding of how beta cells are controlled by GCs and how this control impacts on the regulation of glucose homeostasis requires the identification of GCs targets in these cells. Previous studies have shown that GCs decrease the expression of the glucose transporter \[[@pone.0149343.ref008], [@pone.0149343.ref009]\] and glucokinase \[[@pone.0149343.ref010]\] in pancreatic beta cells. Others have observed deleterious effects of GCs on membrane depolarization \[[@pone.0149343.ref011]\] or exocytosis of insulin-containing vesicles \[[@pone.0149343.ref012], [@pone.0149343.ref013]\].

Another hypothesis is that GCs may inhibit pathways that are crucial for beta-cell function. Among these pathways, serotonin and its synthesis in beta cells have been recently described as important modulators of insulin secretion and beta-cell mass \[[@pone.0149343.ref014], [@pone.0149343.ref015]\]. Serotonin (5-hydroxytryptamine, 5-HT) is derived from the amino acid tryptophan. In serotonin producing cells, tryptophan is hydroxylated by the rate limiting enzyme tryptophan hydroxylase (Tph) and subsequently decarboxylated by aromatic acid decarboxylase \[[@pone.0149343.ref016]\]. There are two main pools of serotonin: one pool is synthesized in the brainstem and one in peripheral tissues. In both locations, serotonin synthesis relies on the enzyme tryptophan hydroxylase, which is encoded by two different genes, Tryptophan hydroxylase 1 (Tph1) and Tryptophan hydroxylase 2 (Tph2) expressed in peripheral tissues and in the brain, respectively. In the brain, serotonin serves as a neurotransmitter where it regulates multiple physiological aspects, including behavior, learning, mood and appetite. However, the brain-derived serotonin accounts only for around 5% of total body serotonin. The remaining 95% of serotonin are produced in the peripheral organs, stored in the platelets and released to regulate several major functions. Serotonin is also synthesized by pancreatic beta cells and is thought be secreted together with insulin \[[@pone.0149343.ref017]\]. Its role in beta cells was elusive but two recent studies described serotonin as a major regulator of both beta-cell mass and function. The first study showed that intracellular serotonin participates to the regulation of insulin exocytosis while extracellular serotonin activates receptors that also modulate insulin secretion \[[@pone.0149343.ref015]\]. The other reported that increase of serotonin synthesis and activation of specific receptor promote beta-cell proliferation observed during pregnancy in mice \[[@pone.0149343.ref014]\]. Interestingly, GCs inhibit serotonin synthesis in the raphe nuclei, and conversely, the knockdown of GR in the zebra fish was associated with up-regulated Tph 2 expression \[[@pone.0149343.ref018]\]. Therefore, we asked whether GCs could also inhibit serotonin synthesis in beta cells.

We evaluated the effect of GCs on Tph1 and 2 expression and serotonin synthesis in beta cell lines and isolated islets. We demonstrated here that GCs inhibit Tph1 and 2 expression, decrease Tph activity and lead to reduced serotonin contents. We therefore provide evidences that serotonin synthesis in beta cells is under the control of GCs.

Research Design and Methods {#sec002}
===========================

Cell culture {#sec003}
------------

MIN6 cells were cultured as previously described \[[@pone.0149343.ref019]\] in 25 mM glucose DMEM supplemented with 15% fetal bovine serum, 1% penicillin and streptomycin. Isolated islets were cultured in 11 mM glucose RPMI supplemented with 10% fetal bovine serum, 1% penicillin and streptomycin. Islets and MIN6 cells were treated with 10^−7^M Dexamethasone (Dex, Sigma-Aldrich, MO, USA), with or without 1 μg/ml human prolactin (PRL, gift of Latif Rachdi, Inserm, Paris) or 100 ng/ml exendin-4 (Sigma).

Mouse husbandry {#sec004}
---------------

Animals were bred and raised under standard animal housing conditions, in a 12-h light/dark cycle (7am--7pm), temperature (22±1°C) and humidity (60±5%). Food (standard chow) and water were available *ad libitum*. All experiments were performed in accordance with French guidelines for care of laboratory animals. The experiments were examined and approved by the Regional Ethics Committee in Animal Experiment N°3 of Ile-de-France region (reference p3/2008/012). Mice that lack the GR in beta cells (GR^Lox/Lox^---PdxCre mice) have been previously described \[[@pone.0149343.ref020]\]. Since it has been recently shown that the presence of the PdxCre transgene is sufficient to induce a beta-cell phenotype \[[@pone.0149343.ref021]\], we chose to analyze mice that carry the floxed allele only (GR^Lox/Lox^), mice that carry the PdxCre transgene but wild type alleles of the GR (GR^+/+^---PdxCre) and mice that possess floxed alleles and the PdxCre transgene (GR^Lox/Lox^--PdxCre). All mice were backcrossed on a C57BL/6J genetic background for 12 generations. CD1 mice were provided by Charles River (Charles River France). Mice were anesthetized using 1% ketamine and 0.2% xylazine. Mice were killed by cervical dislocation. Only male mice were studied.

In vivo glucocorticoids and GLP-1 analog treatments {#sec005}
---------------------------------------------------

Experiments were performed on 8 week-old C57BL/6J mice from Charles River (Charles River, Saint-Germain Nuelles, France). Animals received corticosterone (100 μg/ml, Sigma France) or vehicle (1% ethanol) in the drinking water. Half of the mice in each group were given once daily intraperitoneal injections of liraglutide, a GLP-1R agonist (Novo Nordisk La Défense, France) and the other half were given saline (0.9% NaCl). Liraglutide was given in increasing doses from 0.15 mg per kg body weight with a daily increment of 0.025 mg/kg until the final dose of 0.3 mg per kg body weight was reached, as previously described \[[@pone.0149343.ref022]\]. Treatments were performed for 4 weeks.

Mouse islet isolation {#sec006}
---------------------

Mouse islets were isolated with collagenase (1mg/ml, Sigma-Aldrich) solution, separated on Histopaque (Sigma-Aldrich) gradient and handpicked under a binocular stereo microscope (Leica Microsystems GmbH, Wetzlar, Germany), as previously described \[[@pone.0149343.ref023]\].

RNA extraction, cDNA synthesis and qPCR {#sec007}
---------------------------------------

Total RNAs were extracted from MIN6 cells or islets using RNeasy Plus extraction kit (Qiagen, Hilden, Germany) according to the manufacturer guidelines. RNAs were reverse transcribed into cDNA using Superscript II reverse transcriptase (Invitrogen). Gene expression was quantified by real-time PCR with SybrGreen supermix in a MyIQ thermocycler (Biorad, CA, USA). Control MIN6 cells and islets cDNAs were diluted and used as a standard curve. Gene expression was normalized to the 18S ribosomal RNA. Primers were designed to span two exons whenever possible. Primer sequences are available upon request.

Serotonin assay {#sec008}
---------------

Cells or islets were washed and homogenized in 200μl ice-cold 0.1 M acetic acid buffer containing 10 mM sodium metabisulfite, 10mM EDTA and 10 mM ascorbic acid. After centrifugation, the supernatant was passed through a 10000 MW filter (Nanosep 1N kDa, Pall). A 20 μl sample aliquot was subsequently analyzed for serotonin using high-performance liquid chromatography as previously described \[[@pone.0149343.ref024]\].

Tryptophan hydroxylase (Tph) activity assay {#sec009}
-------------------------------------------

Tph activity was determined by a radioenzymatic assay using \[^3^H\]-tryptophan as substrate and conducted under conditions validated for neuroendocrine studies \[[@pone.0149343.ref025]\].

Western blot {#sec010}
------------

Total proteins were separated on SDS-PAGE gels and transferred to nitrocellulose membranes. Membranes were incubated with an antibody raised in rabbit against Tph1 (Novus Biologicals). Band quantification was performed using a Kodak Imager (Kodak, NY, USA).

Statistical analysis {#sec011}
--------------------

All results are expressed as means ± SD. The statistical significance of variations was tested by a Mann-Whitney non-parametric test or by a two way-ANOVA test when multiple groups were compared. P values \< 0.05 were considered significant.

Results {#sec012}
=======

GCs inhibit Tph1 and Tph2 expression and serotonin synthesis in beta cells {#sec013}
--------------------------------------------------------------------------

To decipher how GCs control beta cells, we asked whether GCs could inhibit the synthesis of serotonin in beta cells. We tested this hypothesis in isolated islets from CD1 mice and in MIN6 cells. In cultured mouse isolated islets, a 24h Dexamethasone (Dex, a synthetic GCs) treatment decreased Tph1 ([Fig 1A](#pone.0149343.g001){ref-type="fig"}) and Tph2 ([Fig 1B](#pone.0149343.g001){ref-type="fig"}) mRNA levels leading to decreased serotonin contents ([Fig 1C](#pone.0149343.g001){ref-type="fig"}). Similar results were obtained in MIN6 cells ([Fig 1D, 1E and 1F](#pone.0149343.g001){ref-type="fig"}). Thus, GCs decrease serotonin synthesis in beta cells through decreased Tph1 and 2 expression.

![GCs inhibit Tph1 and Tph 2 expression and serotonin synthesis in beta cells.\
(A) Tph1 and (B) Tph 2 mRNA levels in isolated wild type mouse islets cultured in control conditions (white bars) or treated with 10^−7^M Dexamethasone for 24h (black bars). (C) Serotonin contents in mouse islets cultured in control conditions (white bars) or treated with 10^−7^M Dex for 24h (black bars). (D) Tph1 and (E) Tph 2 mRNA levels in MIN6 cells cultured in control conditions (white bars) or treated with 10^−7^M Dex for 24h (black bars). (F) Serotonin contents in MIN6 cells cultured in control conditions (white bars) or treated with 10^−7^M Dex for 24h (black bars). Results are expressed as means ± SD for n = 4 independent experiments. \* p\<0.05 and \*\* p\<0.01 when comparing Dex-treated *vs* control islets or MIN6 cells, using a Mann-Whitney non parametric test.](pone.0149343.g001){#pone.0149343.g001}

GCs inhibit prolactin or exendin-4 stimulation of Tph1 and Tph2 in beta cells {#sec014}
-----------------------------------------------------------------------------

Prolactin (PRL) and other lactogen hormones are known to activate Tph1 and Tph2 expression as well as serotonin synthesis in beta cells \[[@pone.0149343.ref014], [@pone.0149343.ref015]\]. We investigated whether GCs counteracted the PRL-stimulated serotonin increase. In MIN6 cells, a 24h-PRL treatment increased Tph1 and Tph2 mRNA ([Fig 2A and 2B](#pone.0149343.g002){ref-type="fig"}, respectively) and Tph1 protein level ([Fig 2C](#pone.0149343.g002){ref-type="fig"}) as expected. Interestingly, Dex treatment prevented the PRL-induced Tph1 and Tph2 increase both at the mRNA ([Fig 2A and 2B](#pone.0149343.g002){ref-type="fig"}) and also protein level for Tph1 ([Fig 2C](#pone.0149343.g002){ref-type="fig"}). These modifications led to similar changes of Tph activity ([Fig 2D](#pone.0149343.g002){ref-type="fig"}) and serotonin contents ([Fig 2E](#pone.0149343.g002){ref-type="fig"}). Thus, GCs prevent the stimulatory effect of PRL on serotonin synthesis.

![GCs inhibit prolactin activation of Tph1 and Tph 2 in beta cells.\
(A) Tph1 and (B) Tph 2 expression in MIN6 cells cultured in control conditions (white bars) or treated with Dexamethasone 10^−7^ M (black bars), with prolactin (100 ng/ml) (dark grey bars) or with both for 24h (light grey bars). (C) Representative immunoblot for Tph1 and Actin on protein extracts from MIN6 cells under the same conditions (upper panel) and quantification of the signals (lower panel). (D) Tph activity in MIN6 cells in the same conditions. (E) Serotonin contents measured in MIN6 cells in the same conditions. Results are expressed as means ± SD for n = 6 independent experiments. \* p\<0.05 and \*\* p\<0.01 when comparing the different groups using an ANOVA test.](pone.0149343.g002){#pone.0149343.g002}

As PRL, Glucagon-like Peptide 1 (GLP-1) is one of the hormones able to stimulate beta-cell growth. We thus asked whether GLP-1 could also stimulate serotonin synthesis in beta cells. In MIN6 cells, a 24h treatment with the GLP-1 analog exendin-4 (Ex4) increased Tph1 and Tph2 mRNA levels ([Fig 3A and 3B](#pone.0149343.g003){ref-type="fig"}, respectively), Tph1 protein level ([Fig 3C](#pone.0149343.g003){ref-type="fig"}), Tph activity ([Fig 3D](#pone.0149343.g003){ref-type="fig"}), resulting in increased serotonin content ([Fig 3E](#pone.0149343.g003){ref-type="fig"}). Because GCs can counteract the effect of PRL on serotonin, we asked whether it would also block the effects of GLP-1. Similarly to what we observed with PRL induction, Dex treatment prevented Ex4-induced increase in Tph1 and Tph2 mRNA levels ([Fig 3A and 3B](#pone.0149343.g003){ref-type="fig"} respectively), Tph1 protein level ([Fig 3C](#pone.0149343.g003){ref-type="fig"}), Tph activity ([Fig 3D](#pone.0149343.g003){ref-type="fig"}) and serotonin content ([Fig 3E](#pone.0149343.g003){ref-type="fig"}). We thus showed a previously unknown stimulation of serotonin synthesis by Ex4 suggesting that GLP-1 effect on beta cells might be mediated through serotonin up-regulation. Also, similarly to PRL, Ex4 effects on serotonin were blocked by GCs.

![GCs inhibit exendin-4 activation of Tph1 and Tph 2 in beta cells.\
(A) Tph1 and (B) Tph2 mRNA levels in MIN6 cells cultured in control conditions (white bars) or treated with 10^−7^M Dexamethasone (black bars), with 100 ng/ml exendin-4 (Ex) (dark grey bars) or with both for 24h (light grey bars). (C) Representative immunoblot for Tph1 and Actin on protein extracts from MIN6 cells under the same conditions (upper panel) and quantification of the signals (lower panel). (D) Tph activity in MIN6 cells in the same conditions. (E) Serotonin contents measured in the same conditions. Results are expressed as means ± SD for n = 6 independent experiments. \* p\<0.05 \*\* p\<0.01 and \*\*\* p\<0.001 when comparing the different groups using a ANOVA test.](pone.0149343.g003){#pone.0149343.g003}

In vivo GLP-1 administration leads to a stimulation of serotonin synthesis in islets which is inhibited by GCs {#sec015}
--------------------------------------------------------------------------------------------------------------

To further explore how GCs and GLP-1 regulate serotonin synthesis in beta cells, we treated mice for 4 weeks with corticosterone or with a GLP-1 analog liraglutide or with both molecules. At the end of the treatment, islets were isolated and serotonin contents were assayed. We observed that in vivo GCs treatment decreased serotonin contents in islets ([Fig 4](#pone.0149343.g004){ref-type="fig"}). When mice were treated with liraglutide only, increased serotonin contents were observed. Finally, GCs treatment prevented the liraglutide-induced increase of serotonin contents. Therefore, serotonin contents in islets in vivo are also under control of GCs and GLP-1R activation, as demonstrated in vitro.

![GCs inhibit liraglutide increases of serotonin contents in vivo.\
Serotonin contents measured on isolated islets of mice treated with vehicle only (VEH, white bar), corticosterone (Cort, black bar), liraglutide (Lira, dark grey) or both corticosterone and liraglutide (Lira+Cort, light gray) for 4 weeks. Results are expressed as means ± SD for n = 5 mice in each group. \* p\<0.05 \*\* and p\<0.01 when comparing the different groups using a ANOVA test.](pone.0149343.g004){#pone.0149343.g004}

Increased Tph1 and Tph2 expression and serotonin synthesis in islets from GR^-^ mice {#sec016}
------------------------------------------------------------------------------------

To confirm the regulation of serotonin synthesis by GCs, we measured serotonin contents and Tph expression in islets from mice that are mutated for the GR in the pancreas. These mice were generated using mice that express the Cre recombinase under the control of the Pdx1 promoter \[[@pone.0149343.ref026]\] crossed with GR loxed alleles \[[@pone.0149343.ref027]\]. A recent article reported that several mice that express the Cre in the pancreas have increased serotonin contents in islets because of the presence of a hGH minigene \[[@pone.0149343.ref021]\], including the Pdx1-Cre used in our study. Therefore, we chose to measure serotonin in control mice (GR^Lox/Lox^), in mice carrying the PdxCre transgene in the absence of the loxed GR alleles (GR^+/+^---PdxCre) and in mice having floxed GR alleles and carrying the PdxCre transgene (GR^Lox/Lox^--PdxCre). mRNA levels of Tph1 ([Fig 5A](#pone.0149343.g005){ref-type="fig"}) and Tph2 ([Fig 5B](#pone.0149343.g005){ref-type="fig"}) and serotonin contents ([Fig 5C](#pone.0149343.g005){ref-type="fig"}) were clearly increased in islets from GR^+/+^---PdxCre in comparison to control GR^Lox/Lox^ mice, confirming that the PdxCre transgene stimulates serotonin synthesis by itself. Yet, Tph1 and Tph2 mRNA levels were further increased in mice deleted for the GR in the pancreas (GR^Lox/Lox^--PdxCre) when compared to mice carrying solely the PdxCre transgene, leading to a huge increase of serotonin content. Thus, this Cre/hGH transgene led to an increase of serotonin content in islets but the GR deletion led to further increase of serotonin in islets, demonstrating that GCs really control serotonin synthesis in beta cells.

![The deletion of the GR in the pancreas increases serotonin synthesis is islets.\
(A) Tph1, (B) Tph2 mRNA levels and (C) serotonin contents in islets from control mice (GR^Lox/Lox^, white bars), mice that carry the PdxCre transgene (GR^+/+^---PdxCre, gray bars) and mice that are deleted for the GR in the pancreas (GR^Lox/Lox^--PdxCre, black bars). Values are means ± SD. \* p\<0.05, \*\* p\<0.01 when comparing GR^-^ to control mice using a non parametric Mann-Whitney test (n = 3--4 per group).](pone.0149343.g005){#pone.0149343.g005}

Discussion {#sec017}
==========

GCs are key regulators of glucose metabolism. They also play specific roles on beta cells since they induce beta-cell apoptosis, decrease beta-cell mass and inhibit insulin secretion, but the molecular mechanisms are still unclear \[[@pone.0149343.ref004]\]. We provide here original evidence that relate GCs and serotonin synthesis, a modulator of insulin secretion and beta-cell mass. Our results show that both in vitro and in vivo, GCs exposure inhibits Tph1 and 2 expression resulting in a decrease of serotonin synthesis in islets. We provide further evidence that Tph1 and Tph2 expression is under the control of GCs in beta cells since their expression is increased in islets from GR^-^ mice leading to a dramatic augmentation of serotonin content. Furthermore, beta cells exposed in vitro to GCs display also decreased Tph1 and Tph2 expression with reduced serotonin synthesis and content. Finally, GCs also blocked the stimulation of serotonin synthesis by PRL and the GLP-1 analog exendin-4. These results definitively demonstrate that serotonin synthesis is a major target of GCs in beta cells.

Recent data showed that serotonin is a major regulator of both beta-cell mass and function \[[@pone.0149343.ref014], [@pone.0149343.ref015]\]. Serotonin synthesis in beta cells is under the positive control of lactogen hormones \[[@pone.0149343.ref014]\]. Here, we demonstrate that other hormones, namely GCs, also control albeit negatively serotonin synthesis in beta cells. Such serotonin inhibition by GCs has been previously described in the brain: indeed, in the raphe nuclei GCs inhibit Tph2 expression, the predominant central nervous system (CNS) Tph isoform. This result suggested that elevated GCs may play a role in psychiatric diseases involving serotonin, such as depression. Clinical and preclinical studies have gathered evidence that stress response alterations play a major role in the development of major depression \[[@pone.0149343.ref028], [@pone.0149343.ref029]\]. Decrease in serotonin circulating levels has been also documented in this condition\[[@pone.0149343.ref030]\]. Since people suffering from depression have a higher risk to develop T2D \[[@pone.0149343.ref031]\], inhibition of serotonin by GCs both in neurons and beta cells might explain the association between diabetes and depression.

Interestingly, in the zebra fish whole embryo, the knockdown of GR using morpholino was associated with up-regulated Tph 2 expression \[[@pone.0149343.ref018]\] in line with our observation in GR^-^ islets. Thus, the control of serotonin synthesis by GCs may not be restricted to beta cells but may also extend to other tissues that produce serotonin. The conservation of Tph1 and 2 inhibitions by GCs between organs and species highlights the importance of this regulation. Further investigations are required to decipher how GCs regulate Tph1 and 2 expression. Since the GR is a transcription factor that binds to specific DNA sequences, the use of chromatin immunoprecipitation (ChIP) with a specific anti-GR antibody would allow for the identification of GCs response elements in the promoters of Tph1 and 2. Moreover, experiments performed with cloned promoters in reporter plasmid and deletion mutants would help identify the exact sequences that are crucial for GCs effects on Tph1 and 2 promoters.

Our results raise the question of the physiological and pathophysiological roles of serotonin regulation by ss. This question is particularly relevant since recent data suggested that serotonin is actually a major regulator of both beta-cell mass and function. First, a study showed that during pregnancy, lactogenic hormones induce Tph1 expression and serotonin synthesis in islets \[[@pone.0149343.ref014]\]. Serotonin, in turn, stimulates beta-cell proliferation through a paracrine-autocrine activation of the serotonin receptor 2b. However, a more recent study has shown that mice lacking Tph1 and unable to produce serotonin in beta cells or other peripheral tissues present normal beta cells proliferation during pregnancy, thus questioning the exact role of serotonin increase during pregnancy \[[@pone.0149343.ref032]\]. So far, the effects of the down-regulation of serotonin synthesis by GCs on beta-cell mass remain to be documented. One could speculate that there is a causal relationship between this down regulation and the decrease of beta cells mass due to GCs administration \[[@pone.0149343.ref033]\]. In addition, serotonin signaling may also directly affect insulin secretion independently of its effect on beta cell mass. A recent study demonstrated that serotonin regulates insulin secretion through a dual mode: intracellular activation through serotonylation, which consist on the addition of a serotonin moiety as a post traductional modification of key proteins involved in insulin granules fusion in beta cells, and extracellular inhibition through binding to the serotonin receptor 1a \[[@pone.0149343.ref015]\]. Insulin secretion inhibition by GCs may also be due to the decrease of serotonin synthesis in islet.

We show here that GCs decrease serotonin contents in vitro in beta cells and isolated islets. This decrease may impair insulin secretion since serotonin is crucial for proper insulin secretion. Yet, in contrast to in vitro studies, experiments with GCs treatment in vivo displayed different results: GCs treatment results in increase insulin secretion capacity and increased beta-cell mass \[[@pone.0149343.ref034]\]. We think that such discrepancy originates from the fact that GCs act directly on beta cells in vitro while in vivo, GCs act on beta cells and also on other tissues, such as muscle, liver and adipose tissue, where they induce insulin resistance. Therefore, results on beta cells obtained after GCs treatment in vivo mostly reflect beta-cell adaptation that is secondary to insulin resistance. Interestingly, in the present study, we observed decreased serotonin contents after GCs treatment in vitro and in vivo, suggesting that this regulation is a direct effect of GCs.

Mice deleted for the GR in beta cells using the PdxCre transgene present with increased beta-cell mass \[[@pone.0149343.ref033]\]. Here we showed that these mice also show increased expression of both Tph1 and 2 leading to increased serotonin contents in islets. Such serotonin increase may be involved in this beta-cell mass expansion similarly to what has been described during pregnancy in mice \[[@pone.0149343.ref014]\]. Interestingly, these mice also present mild glucose intolerance with a reduced insulin secretion (data not shown). Whether this phenotype is to be linked with the increased serotonin also remains to be elucidated.

Finally, we confirmed that prolactin stimulates serotonin synthesis in beta cells. Also, we demonstrated that the GLP-1 analog exendin-4 stimulates the expression of Tph1 and Tph2 and serotonin synthesis in beta cells, a result still unheard of. In vivo, liraglutide treatment led to increased serotonin contents in islets. Since GLP-1 is known to increase beta- cell mass in rodents \[[@pone.0149343.ref035]\] and also, more recently, in humans \[[@pone.0149343.ref036]\], our result suggests that serotonin could be a mediator of this effect. Moreover, since GLP-1 is known to increase insulin secretion in response to glucose, our results suggest that such effect may be mediated through serotonin augmentation. Interestingly, we found that the GLP-1 stimulatory signal on serotonin synthesis is blocked by the GCs. These results suggest that patients with type 2 diabetes and treated with GLP-1 analogs should be cautious about undergoing GCs treatment that may block beneficiary effects of GLP-1 on beta cells, as previously reported \[[@pone.0149343.ref037]\]. Interestingly, a similar stimulation of serotonin by GLP-1 has been identified in the brain \[[@pone.0149343.ref038]\], suggesting that this effect is conserved between beta cells and neurons. Moreover, the up-regulation of Tph1 and 2 by GLP-1 is likely to be mediated through cAMP production since the activation of the GLP-1 receptor by its agonists results in increased cAMP production \[[@pone.0149343.ref039]\] that has been shown to be involved in the GLP-1-induced increased insulin mRNA. Interestingly, cAMP response element binding activity has been described in the promoter of Tph2 in neurons of the cortex and hippocampus \[[@pone.0149343.ref040]\], suggesting that similar regulation takes place in beta cells.

In conclusion, our results demonstrate for the first time the capacity of GCs to down-regulate Tph1 and Tph2 expression and serotonin synthesis in beta cells. GCs counteract the stimulatory effects of PRL and GLP-1 on serotonin synthesis. We propose that this regulation participates to the deleterious effects of GCs on beta cells and may explain the insulin secretion defect observed in situations of excess GCs concentrations and more generally in type 2 diabetes.
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